wh

o

-k

"I-!. '

NACA RM E52G23

SECURITY &NFE*2MWANLTION oy

m Copy

RM E52G23

(ep] ‘I\I'

b 1

47

DACH Bra ple 3%’ e
.} =uthority of "‘,efb-//{ 26,/?4’7

RESEARCH MEMORANDUM

INVESTIGATION AT MACH NUMBER 2.93 OF HALF OF A
CONICAL-SPIKE DIFFUSER MOUNTED AS A SIDE INLET
WITH BOUNDARY-LAYER CONTROL
By Thomas G. Piercy and Harry W. Johnson

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

CLASSII‘TCA TION CH ANG™
— UNCLASSIFIEp

L S B pgLASSIED DOCUM

- the Updted within the
AMT Frrsy s e A 5@%‘ mmmg o nrvelation of whioh 1n sny

mRnner tbihmumorfudpermnis

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
September 10, 1952

- -

-CONFIDENTIAL - s 1 oammy



NASA.dmlGIJ

T

Ul NACA RM E52G23 JeE— 311760 01435 6167

..__—
__——
—_—
-=ﬂ_=_

NATTONAL ADVISORY COMMTITTEE FOR AERONAUTICS

- RESEARCH MEMORANDUM
INVESTIGATION AT MACH NUMBER 2.93 OF HALF OF A CONICAL-SPIKE DIFFUSER
MOUNTED AS A SIDE INLET WITH BOUNDARY-LAYER CONTROL

By Thomas G. Plercy and Harry W. Johnson

165¢

SUMMARY

An experimental investigation was conducted to determine the per-
formance characteristics of a slde lnlet with boundary-layer control
operating In the presence of laminsr and turbulent inlitial boundary
layers at a free-stream Mach number of 2.93. The inlet was alined at
zero angle of attack and yaw wlth respect to the local free stream.

The inlet consisted of half of a 60° conical-splke gupersonlic dif-
fuser, which was mounted on a flat plate and designed for all-external
compression, and a subsonlc diffuser which falred into a simulated cylin-
drical combustlon chamber. Removal of the flat-plate boundary layer
ahead of the inlebt was accompllshed by means of a varisble-height, ram-
type boundary-layer scoop having a gtralght leading edge posltioned at
the diffuser spike +tip.

The greavest inlet total-pressure recovery obtained Iin the presence
of the turbulent boundary layer was approxlimately 51.5 percent when the
boundary-layer-scoop height was equal to approximately 0.88 boundary-
layer thickness. Inlet peak pressure recovery was reduced to 36.7 per-
cent when the entire turbulent bhoundary layer was allowed to enter the
Inlet.

The peak pressure recoverles observed In the presence of the initilal
leminar boundary layer varled from 39.7 percent with no houndary-layer
removal to 45.8 percent at the largest value of the scoop height tested
(1.446 boundary-leyer thicknesses). At the larger values of scoop helght
tested, the inlet pressure recovery approached that obtained wlth the
initial turbulent boundary layer, as expected. For scoop heights equal
to or less than the boundary-layer thlckness, the pressure recovery was
gonerally lower than that obtained with the turbulent boundary layer
because of the inherent inability of the scoop to capture a full pro-
Jected stream tube of alr when operated 1n the presence of the laminar

- boundary layer. In addition, the apparently favorable effect of allowing
small smounts of turbulent boundary layer to enter the inlet could not be
realized.
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Inlet total-pressure recovery decreased markedly with reduced boundary-
layer-scoop masg flow. Inlet stablllity was sensitive to subcritical scoop

operation, particularly at the larger scoop heights investigated for the
turbulent boundary layer and for all scodp Helghts investlgated for the
lamingr boundary layer. ' ’

INTRCDUCTION

The gide inlet must operate 1n the presence of the flow fileld and
boundary layer over the surface on which 1t 1s installed. Research con-
ducted in the Mach number range from gbout 1.5 to 2,0 hag Indicated that
side-inlet performance can be made camparable to nose-inlet performance
by sultable control of the initial boundary layer. Boundary-lasyer
remogal has been employed succesafully in this respect (references 1
to 4).

This investigatilon was conducted at the NACA lewls laboratory to
extend the study of side-lnlet performance wlth varlous amounts of
boundary-layer removal tc a free-gtresam Mach number of about 3.0. The
s8ilde Inlet consisted of half of a single-shock conical-splke supersonic
inlet mounted on a flat plate and alined at zero angle of attack and
yaw wlth respect to the locsl free stream. Boundary-layer removal weas
accomplished with a variable-height ram-type scoop wlth a straight lead-
Ing edge posltioned at the spike tip.

The initial boundary layer ab the lnlet was varled by changing the
plate length upstresam of the Inlet. Transition teo turbulent flow was
forced on the longest plate by roughness added near the plate leading
edge. Both the Inlet and the boundary-layer scoop were operated over
a range of mass-flow ratlos at various scoop helghts in both laminar
and turbulent boundary layers.

SYMBOLS

The following symbols are used 1In this report:

A area

h helght of boundary-layer-removal scoop above flat plate
h/B dimenslonless boundary-layer~gcoop-helght parsmeter

L plate length, meessured from leading sdge to splke tip
L/R dimensionless plate-length parameter

m mass flow

1652
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P total pressure

R iInlet radius, msasured from center line of splke to cowl 1lip,
1.5 in.

v velocity

x lineal dlstance, parallel to plate, measured from cowl-lip
station

hg normal distance sbove plate

5 boundary-layer thickness, distance from surface to polnt in
boundery layer where veloclty 1s equal to 0.99 free-stream
veloclty

S/R dimensionless boundeary-layer-thickness parameter

8*/6 boundary-layer-form factor, the quotient of boundary-layer
displacemsnt and momentum thicknesses

Subscripts:

D iniet

mex maximum

S_ boumdary-layer scoop i

T throat

0 free-gstream conditions

1 conditions 1/2 1nch upstream of spike tip

2 conditions at exlt of diffuser or boundary-layer scoop

APPARATUS AND PROCEDURE

The slde inlet illustrated in figure 1 was tested 1in the 18- by
18-inch Mach number 3.05 tunnel at the NACA Lewls laboratory. The model
was alined at zero angle of attack (except for slight flow angularity
caused by boundary-layer growth) and zero yaw with respect to the local
free stream which, because of an Inclination of the plate, had a Mach
number of 2.93. The inlet model was the same one descrlibed in refer-
ence 3, except for subsequently described chenges in the cowl lip and

gpike centerbody.
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Engine induction system. - The inlet consisted of half of an axially
symmetric 60° conlcal-splke supersonic diffuser designed for all-externsal
compression (no internal contraction) mounted on a flat plate. The splke
and cowl lip were designed for meximum pressure recovery and zero spill-
age at a Mach number of 3.15; but at a Mach number of 2.93 the conical
shock wave originating at the cone apex passed upstream of the cowl lip,
permitting epproximately 7-pexrcent splllage with the inlet operating
supercritically. The cowl-1lip angle was small enough to ensure shock
attachment during supercritical operation at & Mach number of 2.93.
Important design detalls and dimenslons of the side-inlet configuration
are presented in filgure 2(a).

The subsonlc diffuser was faired into a simulated cylindrical cam-
bustlion chamber, the axis of which was displaced 0.4 inlet radius inboard
of the splke axis in an attempt to slmulate a practicsl side-inlet instal-
lation. Subsonic-dlffuser area varlations are presented in figure 2(Db).
The pressure instrumentation (flg. 3) consisted of 41 total-pressure
tubes (all tubes except the center tube were located at the centroids of
equal areas), 4 static-pressure tubes, and 4 wall static-pressure ori-
fices. This instrumentation was located at station 2, which was approx-~
imately 2.1 combustion-chamber dlameters downstream of the combustion-
chaxber entrance. Pressures recorded at this station were used to deter-
mine combustion-chamber total pressure and Mach mumber. The inlet mass
flow was varled by a movable plug at the combustlon-chamber exilt (see
flg. 4) and was discharged into the tumnel subeonic diffuser.

Boundary-layer-removal gystem. - The boundary-layer-removal system

consisted of a simple ram-type scoop with straight leading edge posltioned °

at the splke tip, as descrilbed In reference 3. Boundary-layer masa flow
was controlled and measured by a system of rotameters ag shown in filg-
ure 4 end was dlscharged into the top of the tunnel test section. A
surge tank was inserted in the ductlng shead of the rotemeters to help
stabllize the rotameter readings during unstable operating conditions.
Total pressures 1In the boundary-layer duct were measured with a 17-tube
rake.

Test condltions. -~ The free-stream Mach nvmber l/2—inch ups tream
of the splke tip (at station 1) wes determined from pwessure messurements
to be 2.93, and was coneldered to be the local free-stream Mach number
at the inlet. Test-sectlon total temperature esnd pressure were approx-,
Inately 200° P and atmospheric, respectively, which produced a Reynolds
number of approxlmately 1. 55x10 per foot. The dew polnt was maintained
within the range of -20° to -10° F, which_ensured negligible water-
condensation effects.

Boundary-layer wvaristion and meesurement. -~ Varlation of the lnitial
boundary layer was accomplished by changing the length of the flat plate
upstream of the inlet. DPlate-length parameters L/R of approximately
7.67 and 9.67 were used to obtain laminar and turbulent boundary layers,

. 1652
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respectively. Transition to turbulent boundary layer was forced on the
longer plate by a l-inch strip of number 100 carborundum dust sprinkled
lightly on wet lacquer. This strip was located 1/2 inch from the plate
leading edge.

The boundary layers were surveyed with the 1lnstrumentation shown in
figures 2(a) and 5. Four movable pitot tubes and three statlc orifices
in the plate located at stabtlon 1 were used to obbain total-pressure and
Mach-number profiles ahead of the inlet. All boundary-layer data were
reduced under the essumpbtion of a zZero normel statlic-pressure gradient
within the boundary layer.

The nondimensional boundary-layer veloclty profiles presented in
filgure 5 represent average condltlons in the transverse plane at sta-
tion 1. The weloclty ratio V/VO 1s plotted as a functlon of the

parameter y/S, where 8 is the height wlthin the boundary layer at
which the veloclty is 0.99 free-stream veloclty. Boundary-layer form
factors &%/6 computed for these profiles were 7.55 and 5.05 for the
laminar end bturbulent layers, respectlvely. Boundary-layer-thickness
paremeters &/R, in terms of inlet lip radius R, were 0.075 and 0.160,
rospectively.

Test varlables. - Boundary-layer-scoop helght was varled fram zero
to a value greater than the boumdary-layer thickness for each Initial
bowndary layer. Inlet mass flow was varled from supercritical to sub-
critical operatlon, and boundsry-layer-scoop maess flow was varled from
zero to the maximim attainable for each combustlon-chamber Mach numbexr
(constant exlt area) investigated.

In the following dlscussions the terms "supercrltlcal"” and "sub-
critical” are applied to inlet and boundary-layer-scoop operation, and
aro defined as follows: With supercritlical operation the inlet or scoop
captures its meximum mass flow and operates with a swallowed normal
shock; with subcrliticel operatlon the caepbured mass flow 1s reduced.
Supercritical operatlon does not necessarlly imply that the lnlet or
scoop is capburing a full projected stream tube of alr, however, slnce
pressure .feedback through the boundary layer or interactlion effects may
reduce the maximum gttainable mass flow.

The assumpblion of sonlc-flow veloclty at the minlmum geometric exlt
ares msde posslible the calculatlon of inlet mass flow oy from the total-

Pressure measurements at statlon 2. The varlation of inlet total-pressure
recovery P, D/Pl p @8 & function of inlet mass-flow ratio mD/ml p Vwas
1 J H

obtained for each scoop operating condition. For supercritical scoop
operation 1t was possible to estimate that portion of the curve corre-
sponding to supercritical inlet operation. This portion of the curve
was corrected to correspond with the known mass flow 1n the captured
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gtream tube at station 1. A dilecharge coeffilclent was thus obtalned as

a functlon of combustion-chamber Mech number Ffor each boundary-layer-
scoop-height parameter h/S. These coefflclents were then used to cor-
rect the supercritical portions of the inlet performance curves obtalned
at reduced scoop mass flow. The discharge coeffilclent for critical inlet
operation was assumed to apply throughout the subcritical inlet operating
region.

Soms possibllity of error existed in the determination of scoop mass
flow because of the use of rotameters at pressures slightly below thelr
calibrated range. - The scoop mass flow was not corrected, however, since
there was &a posglblllty that pressure feedback caused thlckening of the
boundary layer ahead of the scoop, decreasing the maxlimum attainable
scoop mass flow. '

1652

Pregsures were recorded photographlcally on tetrabromoethane multl-
manometer boards. Schlleren photographs and hlgh-speed motion pictures
were taken of the flow in the vicinity of the inlet.

DISCUSSION OF RESULTS o .
Mass-Flow and Total-Pressure Referencing

Inlet total-pressure recovery and masgs-flow ratio were referenced
to conditions at station 1, whilich ls a nonuniform flow field due to the
presence of the boundary layer. The total pressure Pl,D represents
the average total pressure at gstation 1 in the stream tube captured by
the inlet wlth supercritical operation. For all boundary-lsyer-scoop-
height parameters h/5 less than sbout 1.4, a portion of the low-energy
boundary layer enters the inlet, and thus Pl,D is a function of h/s.

The variation of Py p/Pp with h/s, where P, 1is the free-stream

total pressure, was obtalined from the total-pressure profile at station 1
by means of an arsa-welghting technique and is presented in flgure 6(z).
Similarly, the Ilnlet reference maess flow m; p, which represents the mass

flow at station 1 in the stream tube captureé by the 1nlet when super-
critical conditions are assumed, was also determined by an area-welghting
method. {Because of splllage, m p in thls caese 1lsg approximetely 7 per-

cent leas than that correspondiné to the capture of a full projected
stream tube.) The ratic ml,D/mO,D: where n9,D represents the corre-

sponding inlet mass flow in the free stream, is also shown in figure 6(a)
as & function of h/s.

Similar data for the boundary-layer scoop are presented in flgure 6(c).
In addition, the mass-~flow ratio ml,(D+S)/mO (D+8) and toteal-pressure.

ratio Pl,(D+S)/PO for the combined inlet an& boundary-layer scoop are
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shown in figure 6(b) as functions of h/S. These varlous relatlons make
1t pogsible to reference data to free-stream conditlons if desired.

These ratios were obtalned when supercritical operation of the inlet
and scoop was assumed. During conditions of buzz these ratlos would
obviously vary. However, since no method was avallsble for determining
variatlions during buzzing conditions, these ratlos were arbitrarily used
to reference both steady and buzzing condltions.

With no removal of the turbulent boundary layer (b/8 = 0), the
avalleble inlet maess-flow ratio: my D/mo D and total-pressure ratio
J 2

1>1,D/:9O were 93 and 88 percent, respectively, as indicated in fig-

ure 6(a). These values are lower than those presented for a comparsable
turbulent boumdeary-layer-thickness parsmeter in reference 3 because of
the higher free-stream Mach number of the present Investigation. At
h/8 of zero for the laminsr boundary layer, the avallable inlet mass-
flow ratio m) p/mp p and total-pressure ratio Py p/Py were 95 and

93 percent, respectlvely. That these values are larger than the cor-
responding values for the turbulent layer may be attributed to the
smaller laminar boundary-layer thickness.

Visual-Flow Observatlons

Pesk pressure recovery. - Schlieren photographa of the 1nlet oper-
atlng near peak pressure recovery were btaken st l/lOO-second exposure,
end are presented in flgure 7 for each value of h/s tested. The flow
represented 1s steady for the turbulent boundary layer at all values of
h/5 except O end 1.510, whereas the flow 1s unsteady for the laminar
boundary layer at all valueg of h/8 except O, 1.284, and 1.446. The
weak oblique wavé origlnating on the plate Just upstream of the Iinlet
was produced by a Junction 1in the plate and had no effect on the flow
at the Inlet. The oblique waves origlnating st the plate leading edge
were caused by the small angle of attack at which the plate was.set
relative to the tumnel free siream, and, on the longer plate, by the ..
carborundium dust strip used to force transitlon.

Unsteady flow, inlet operation in presence of turbulent boundary
layer. - The shock osclllatlons observed for the inlet operating 1in the
presence of the turbulent boundary layer depended on combinations of
inlet and scoop operating conditions and on the boundary-layer-scoop-
height paremeter h/8. In general, however, the patterns observed for
given inlet-scoop operating conditlons 414 not vary for h/8 greater
than 0.833. For these higher h/S values, distinct types of oscilla-
tion occurred for the followlng operating conditions:
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(a) Subcritical inlet, supercritical scoop operation. The buzz
pattern indicated in figure 8(a) 1s similar to that observed during
subcritical operation of splke-type-noge inlets. The normal shock -
osclillated onto the spike a dlstance depending on the degree of sub-
critical inlet operation. %
‘_J

(b) Subcritical operation of both scoop and inlet. As indicated
in figure 8(b), the shock oscillletion extemded to the plate leading edge
for large degrees of subcritical operation, with separation of the
boundary layer occurring behind the shock.

(c) Supercritical inlet, subcritical scoop operation. For this
condition, as illustrated in figure 8(c), scoop buzz was rapid but did
not extend far upstream of the inlet. No flow separation or inlet cowl-
lip-shock detachment was observed.

(d) Inlet operating supercritically near peak pressure recovery,
subcritical scoop operation. In this case inlet buzz was induced by
scoop buzz, although the oscillating cowl-lip shock did not extend ' .
beyond the splke tip. Some flow separatlon was observed, as lllustrated
in figure 8(d).

The buzz patterns observed at lower values of h/8 in the turbulent
boundary layer d4id not correspond exactly to those Just described for
comparable operating conditions. Exceptions were as follows:

(a) Subcritical inlet operation with no boundary-layer removal,
h/5 of 0. This condition was characterized by shock oscillations onto
the plate wilth flow separation occurring behind the shock. The cowl-
11p shock persisted, ss Indicated in figure B(e), except for extreme
subcritical operstion.

(b) Suberitical operation of inlet and scoop at h/5 of 0.509 and
0.667. In cdntrast to the same operating condition at higher h/s
(fig. 8(b)), flow meparation was not observed bubt mey have existed to
gome extent at these values of h/5. A rapid oscillation of the cowl-
1ip shock occurred, end st greatly reduced inlet mass flows this eshock
disappeared while the oblique shock moved farther out onto the plate.
This condition is illustrated in figure 8(f).

(¢) Subcritical inlet operation with supercritical scoop operation
at h/s of 0.509 and 0.667. This operation wes characterized by shock
oscillations quite similar to the pattern already identified in figure S(f)
In contrast with comparable operating conditions at higher h/a the cowl-
1ip shock oscillated bubt did not disappeasr untlil .the inlet was operated -
at greatly reduced mass flows. Flow separation was not observed. -



2U

1659

NACA RM E52G23 cormE. 9

(d) Supercritical inlet operation with suberitical scoop operation,
h/8 of 0.509. For thls condltion no detachment of the 1lip shock was
noted, and the oblique shock moved farther out on the plate than was
observed. for comparsble conditions at the higher values of h/B ag
given in figure 8(c).

(o) Supercritical inlet operation with subcritical scoop operation,
h/8 of 0.667. Subcrltlcal scoop operation was assoclated with conaider-

' @ble travel of the obligue shock and oscillation of the cowl-1lip shock,

Indicating inlet buzz Induced by scoop buzz. However, no separation of
the boundary layer behlnd the obllque shock was observed.

As 2 polnt of Interest, it was noted when separation of the boumdary
layer was observed that statlc-pressure rises acrosse the oblique shocks
obtalned from measured shock angles werse only slightly greater than the
critical velue predicted In refersence 5 for bturbulent boundary layers at
Reynolds numbers based on plate length. Simllarly, the statlc-~pressure
rises across the oblique shocks when separation was not observed were
calculated to bé glightly less than the predicted critical wvalus.

Unsteady flow, inlet operation in presence of laminar boundary
layer. - Buzz patterns observed 1in the presence of the lamlnar boundary
layer were similar to thoge Just described, with one notable exception;
thet 1s, when buzzing occurred 1t was always accompanied by separation
of the boundary layer bshind the obligue shocks. With the Inlet oper-
gting supercritically, no scoop buzz was noticed with suberiticsl scoop
opergtlon unless the scoop mass flow was reduced to almost zero. Indi-
cations of ususl splke-type-nose-inlet buzz were observed for values of
h/3 greater than 0.705. Therefore, the buzz patterns for the laminar
boundary leyer may bs represented by figures 8(a) to 8(c).

Inlet Psrformance

Pressure and Mach-number varlationsg across station 2 were small for
every opersting conditlon investigated. At pesk pressure recovery and at
high-pressure-recovery supercritical inlet operatlion, the maximum varia-
tion 1n total pressure among the indlividual tubes of the rake was less
than 1 percent. With boundary-layer-scoop mass-flow ratio reduced to
50 percent, this variation dl1d not exceed 1.5 percent. No boundary-
layer separation at the rake station was observed, in contrast to the
findings of reference 3. This absence of boundary-layer separation is
thought to be due primarily to the large emount of subsonic diffusion
provided by thie diffuser. However, thls observation does not preclude
the possibility of separation between the Inlet 1ly and the rake station
inasmuch as boundary-leysr reattachment may occur at the low subsonic
Mach numbers. Combustlion-chamber-inlet Mach numbers of the order of 0.10
were observed at peak pressure recovery.
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Boundary-layer~scoop mess flow was varied from the maximum attaln-
able to zero for several values of the combustion-chamber Mach number
at each velue of h/S investlgated. These data ylelded Inlet total-
Pressure recovery PZ,D/Pl,D as a function of scoop mass-flow ratlo

mS/mS mex+ These values are presented in figure 9 as s functlon of inlet
mass-flow ratio mD/ml p for the turbulent boundary lesyer. For all

values of h/S except 1.510, the scoop mass-flow ratio presented is
Mg maxs where mS,max represents the maximum supercritical scoop
’ .

me.se flow captured at that particular value of combustlon-chamber
Mach number.

Lines of constant combustion-chamber Mach number are lndicated in
figure 9(b) for h/d of 0.509. It should be noted that the scoop mass-
flow ratlo designated et any polnt (i.e., given combustion~chamber Mach
number) represents a percentage of the maximum captured at that partic~
ular value of combustion-chamber Mach number. The varlation of the
maximum captured scoop mass flow as a functlon of combustion-chamber Mach
number is indicated by the insert on figure 9(b). It 1s obvious fram
this Ingert that the maximum captured scoop massg flow decreased consider-
gbly when the inlet was operated subcritically. At h/5 of 1.510, the
scoop would not operate supercritically, and the scoop mass-flow ratic
was referenced to the calculated supercritical value mi,s.

For large values of boundary-layer-gcoop mass-flow ratio, the Inlet
performance curves (pressure recovery as & function of mass-flow ratioc)
were similar In form to those usually obtained For spike-type nose
inlete. Peak pressurs recoveriea occurred at inlet mass-flow ratlos
slightly less than unlty, although no clearly defilned bow shock was
observed; eni at every value of h/a greater than zero, Inlet bhuzz
occurred for Inlet mass-flow ratiocs slightly less than those correspond-
ing to peak pressure recoveries. At h/8 of zerc, however, peak pres-
gure recovery was obtained during slight inlet buzz. Further reductions
in inlet mess flow lncreased the severity of buzz and were accompanied
by reduced pressure recoveries. Reglons of unsteady inlet operation are
indicated in filgure 9 by the deshed curves. During subcritical inlet
operation the shock omsclllations were frequently quite large; therefore
some guestion exlste as to the significance of mancmeter board readlngs

for these operating condltlons.

For all values of h/8, reductlon of boundary-layer-scoop mass flow
decreased the inlet peak pressure recovery and supercrilitical mass flow
and, in general, reduced the inlet mass-flow ratlo at which peek pres-
sure recovery occurred. . e el

At h/S of 0.509, reductions in boundary-layer-scoop mags flow d4id
not affect 1nlet stablllity to any great extent. Peak pressure recovery
at all values of scoop mass flow was obtalned with the same value of
combustion~chamber Mach number (except for zero scoop mass flow), and

Tesz
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no inlet buzz was noted. A% values of h/8 of 0.667 and larger, how-
ever, a small aemount of bhoundary-layer-scoop mesg-flow reduction immed -
lately threw the inlet into an unsteady condition, (Thils change in inlet
stabllity between values of h/6 of 0.509 and G.607 was Introduced pre-
viously in the section describing the visuasl-flow observations.) This
effect perslisted at the larger values of h/a, but was apperently most
pronounced between h/8 values of 0.6 and 1.0.

The boundary-layer scoop could not be operated supercritically st
h/B of 1.510 in the turbulent boundary layer. Inlet pressure recoveries
were therefore lower than anticipated. Whlle this effect 1s not com-
pletely understood, it is belleved that it could be caused by the meter-
ing system employed in the scoop ducting, and 1s thought not to be char-
acteristic of an actual insgtallabtion. The maximm scoop mass-flow ratios
mg/m; g obtained at this h/s are indicated on figure 9(f).

A summary plot of inlet peak pressure recovery as a functlon of
scoop-helght parameter h/6 and scoop mass-flow ratlo 1s presented in
Filgure 10 for the turbulent boundary layer. Peak pressure recovery of
51.5 percent &t h/b of approximately 0.88 was found by falring between
the observed values obtained at h/8 of 0.833 and 1.025. The value of
h/S at peak pressure recovery ls belleved conslstent with the wvalues
indicated for maximm recovery at reduced scoop mass flow. Since the
inlet pressure recovery predicted by shock theory was approximately
61 percent, 1t is Indicated that addltlonal shock or vlscous effects or
both accounted for a 9.5-percent loss In pressure recovery in the sub-
sonlc diffuser. Actually it was not established that the normal-shock
configuration steblilized at the deslign throat Mach number. This condi-
tion 1s possible even though a sllightly reduced mass flow was indicated
et peak pressure recovery. In unpublished two-dimensional flow studiles
made at the Tewls laboratory, some reductlion in mass flow at peak pres-
sure recovery has been observed with the major portion of an extended
shock pattern occurring downstream of the throat.

Peak pressure recovery decreased as h/a was lncreased from 0.88.
The fact that peak pressure recovery occurred with a portion of the
turbulent boundary layer entering the Inlet 1s not completely understood
but 1ls thought to result from a favorable effect of allowing a small
emount of turbulent boundary layer to enter the diffuser throat. Simliler
effects were noted in reference 3. :

Pesk pressure recovery also decreased as h/S was decreased from
0.88, such that at h/8 of 0, peak pressure recovery was only about
37 percent. Slnce a reduction 1in h/& allowe more of the flat-plate
boundary layer to enter the Inlet, the adverse effects of entering
boundary layer on the inlet performance 1s obviocus.
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At values of h/s less than approximately 0.55 in the turbulent
boundary layer, the inlet peak pressure recovery decreased almost
linearly with decreasing scoop mass-flow ratio. (This charscteristic
ie assoclated wlth the fact that at the lowsr values of h/8 inlet sta-
billity was not affected by subcritical scoop operation.) This linear
decrease, also reported In reference 3, ls thought to be a function of
the helght of the houndary-layer-scoop llp stagnation streamline. At
any value of h/8, this height decreases as scoop mass flow decreases,
and an Increasing amount of boundary-leyer air 1s spillled into the Inlet.
Operation =t reduced scoop mass-flow ratlo at any value of h/s within
this range 1ls therefore comperable to operatlon wlith supercritical scoop
at a lower value of h/s.

At values of h/8 greater than approximately 0.55 in the turbulent
boundary layer, subcritical scoop operation induced inlet Inatablllty,
as mentloned previously. The effects of this Instability are clearly
indicated in figure 10. Pressure recovery for a glven subcritical scoop
mags flow decreases sharply when h/S is increased sllightly above 0.55,
but as h/a 1s further Increased the pressure recovery lncreases again.
The effects of subcritical scoop operatlion on the inlet stabllity are
apparently most pronounced between h/a values of 0.6 and 1.0, but were
obgerved for scoop mass-Flow ratios less than 96 percent for values of
h/s greater than 0.66. In comparison with simllar results reported in
reference 3, 1t was noted iIn the present investigation that this insta-
bllity region occurred at lower wvalues of h/6 and that larger values
of the scoop mass-flow ratio were required to ensure stability.

Inlet peak pressure recoverles were obtalned with supercritical
s8coop operation at every h/s investlgated, in constrast to the results
of reference 3, in which 1t was observed that peak pressure recovery was
o?tained at sllghtly reduced scoop mase-flow ratlos at large values of
h/3B.

A comparison of lnlet peak pressure recovery as a functlon of
boundary-layer-scoop-height parameter for the laminar and turbulent
boundary layers is presented in figure 11. Pressure recovery at h/S
of 0.705 in the leminar boundeary layer wes lower than that obtained at
h/8 of 0.362 because the boundary-layer scoop captured less mass flow
at the larger h/s. Increases in pressure recovery at values of h/B
between 0.705 and 1.048 were due to the increased scoop mass flow cap-
tured. The boundary-layer scoop c¢ould not be made to operate super-
critically for any value of h/8 less than 1.284; therefore the inlet
pressure recoveries are generally lower for the lamlnar boundary layer
than for the turbulent boundery layer at corresponding values of h/s.
The scoop operated supercritically at the two largest velues of h/B
Investigated for the laminar boundary leyer. The highest inlet peak
pressure recovery obtained for this boundary layer was 45.8 percent at
h/8 of 1.446, the largest h/5 Iinvestigated.
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With the essumpbtion that supercritlcal scoop operatlion could be
achleved wilth the initial turbulent boundary layer at large values of
h/5 in en actual installatlon, 1t is evident from flgure 11 that the
inlet performance with Initial laminar boundary layer approsaches that
of the Ilnitlal turbulent boundary layer with increasing values of h/B,
es would be expected.

Pegk pressure recovery was 39.7 percent when all the laminar bound-
ary layer flowed into the inlet (h/8 = 0). This recovery was slightly
greater than that for the corresponding case for the turbulent boundary
layer (36.7 percent) primarily because the laminar boundery layer was
much thinner.

The polnt of peak pressure recovery ls not necessarily the most
desirable point at whlch to operate a supersonic diffuser, particularly
1f this operation represents an unsteady condltion. Steady operatlion
reglons with the turbulent boundary layer may be determined from fig-
ure 9. For the laminer boundary layer, the inlet total-pressure recovery
as a functlon of lnlet mass flow is presented in figure 12 for the max-
imum attaingble scoop mass flow. Unstable lnlet operation ls represented
by dashed lines. Stable inlet operdtion was achleved at peak pressure
recovery only for the values of h/s that permitted supercritical scoop
operation and for h/5 of zerc. For those values of h/8 where super-
critical scoop flow could not be achieved, steady Inlet operation weas
attalned only wlth supercritical inlet mass flow.

Boundary-Layer-Scoop Psrformance

The boundaery-layer scoop employed in this Investigatlon was not
entirely satisfactory, for it could not be operated supsrcritically for
a number of operating conditions. Furthermore, large pressure-recovery
losses were obsérved 1n the scoop system. Part of the reduced scoop
performance is attribubted to the area dlscontbinuity within the duct

1%-1nches downstream of the scoop 1lip, a feature required in the scoop-
height-ad Justment method employed.

Scoop performance curves are presented in flgures 13 and 14 for
operation in the turbulent and laminar boundary layers, respectively.
The dats presented represent average performance with supercritical
Inlet operastlion. Scoop total-pressure recovery 1s plotted as a function
of the scoop mass-flow ratio ms/mi,SI Figures 13(a) end 14(a) refer-

ence the scoop pressure recovery to conditions in the boundary layer at
station 1, while figures 13(b) and 14(Db) reference the pressure recovery
to the local free-stream total pressure.



14 _ TR NACA RM E52G23

Scoop performance with turbulent boundary layer. - The performance
curves for the turbulent boundary-layer operatlion (fig. 13) are gimilar
to those presented in reference 3 and indicate that the scoop operated -
supercritically at all values of h/8 investigated except 1.510, as
mentioned previously. Scoop buzz was obeerved for all values of h/5
at mass flows less than those corresponding to scoop peak pressure
recovery.

The supercritlcal scoop mass Plows measured Indicate some dlsagree-
ment with the theoretical supercritical values, the disagreement increas-
ing with lower values of h/8. While the accuracy of the measurements
of mages flow through the rotameters was not determined, the trends
obaerved are thought to be indlicative of splllage caused by pressure
feedback through the boundary layer. The ratio g max/ml ,8 may be
easlly obtalned from flgure 13 for each h/S and the scoop mesgg ~flow
ratios presented in figure 9 may be converted to mS/ml,S if desired.

1692

Scoop performance with laminar boundary layer. - The scoop perform- ,
ance for operation in the lamlnar boundary layer Indlcates that only at
the extremely large scoop-height settings could the scoop be made to
operate supercritically. The small mass~flow ratios obtained, partlicu- «
larly at h/s of 0.705, Indicate conslderable spillage. This subcrit-
ical operation 1s thought to be due largely to the inherent instabllity
of the laminar boundary layer in the presence of adverse pressure gra-
dlents. In figure 2(a) it may be observed that the scoop design requires
the flow to be turned immediately on entering the scoop. The shock
orlginating at the scoop 1llp due to the upper surface 5. 59 wedge angle
provides an sdditional adverse pressurs gradilent which may cause an
osclllating flow separation from the lower wall. It is posslble that
supercritical boundary-layer-scoop flow could have been obtalned had 1t
been possible to effect greater reductions 1n scoop back pressure.

For wvalues of h/B betwesn 0.705 and 1.048, the amount of scoop
splllage was reduced, and corresponding increases in Inlet pressure
recovery wexre produced as mentioned previously. At~ h/a values of
1.284 and 1.446, the scoop operated supercritically, causing further
inlet pressure-recovery lncresses. Ab the larger values of h/a in
the laminer boundery layer, the emnergy level of the boundary layer
entering the scoop 1s Increased and approaches that of the turbulent
boundary layer. Thus it 1s reasonable to expect that turbulent scoop
performance would be approached and that supercritical scoop operation
would occur.

To provide the designer with an insight as to how much boundary-
layer alr 1g available for cooling purposes, figure 15 1s presented.
Theoretical supercritical scoop-to-inlet mass-flow ratlo is presented o
as a function of h/5 for both initial boundary layers. )
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SUMMARY OF RESULTS

An experimental Investigatlon of the performance of & spike-type
s8ide inlet at a Mach number of 2.93 ylelded the followlng results:

l. The maximum inlet fotal-pressure recovery observed was approx-
imetely 51.5 percent with the boundary-layer scoop operating supercriti-
cally in the initiel turbulent boundary layer at a scoop height of
0.88 boundary-layer thickness. The highest pressure recovery observed
with the inlet operating in the initisl laminar boundary layer was
approximately 45.8 percent with the boundary-layer scoop opersbting
supercritically at the largest scoop height investigated (1.446 boundary-
layer thicknesses).

2. Allowing all the inltial boundary layer to flow into the inlet
reduced the pressure recovery to 36.7 percent for the turbulent layer
end to 39.7 percent for the laminar layer. The higher pressure recovery
In the latter case was attrlbubted to the smaller thickness and smaller
total-pressure decrement of the laminar boundary layer. Most of the
additional losses In pressure recovery were agsumed Lo occur in the sub-
sonic diffuser elther as shock or viscous losses.

3. At the larger values of scoop height tested, the Inlet pressure
recovery with an initlal lamlnar houndary layer approached that obtained
with the turbulent boundery layer, although that of the former wes gen-
erally lower because of the inherent lnebllity of the scoop to capture
& full projected stream tube of alr when operated in the presence of the
lamingr boundary layer. TIn addltlon, the apparently favorable effect of
allowing small emounts of turbulent boundary layer to enter the inlet
could not be realized with the laminar boundary layer.

4. The inlet was qulte sensitive to0 boundary-lsyer-scoop operation.
Subcritical scoop operatlion reduced inlet pressure recovery and mess
flow at every scoop height In both boundary layers, and induced Iinlet
instabllity over a wlde range of scoop heights in the turbulent bhoumdary
layer and over the entire range of scoop heights tested in the laminar
boundary layer.

Tewis Flight Propulsion Iaboratory
National Advisory Commlttee for Aeronsutics
Cleveleand, Ohio
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Figure 1. -~ Conical-splke dlffuser mounted as side inlet.
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side-inlet configuration.
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Figure 3. - Pressure-measurement lnstrumentation in diffuser.

1652



2591 . .

Boundary-layer-acoop

- -actuated
maas -Flow return] Screw-jack-actua plug,

for control of diffuser

£Zo2sHE W VOVN

nass flow
N 7

‘/\

=7 i i

Surge
chamber

Boundary -layer-scoop W

masa-flow rotemeters

Figure 4. - Floy-measuring instrumentation.

T2




22

Velocity ratio, v/vO

NACA RM E52G23

Alr flow

3 static tapa
4 totael-pressure

tubes

1.0
el -
/ i /
.8 1 [ /
/ v Boundary- Thickness Form
ﬂ’ / layer  parameter fa.gtor
; flo 5/R 5

7 v : v . . 8/ */e
——— Lamingr 0.075 7.55

6 — —— Turbulent .160 5.05

AN

/

A

.4

.6 .8
Distance ratio, y/8

1.0 1.2

Flgure 5. - Veloclty profiles of two iInitial boundary layers.

1652



2591

NACA RM E52G23 U 23

1.00
e
/——/"‘——“"
//
/
//‘/
o
3 4+
] .96 e
/ 7
g a -
R :
é\n" L~
£
.92
*3
—
g
1.00 /__—--_-,--_-—_E-
//
/ //
) .88 -~
B Boundary- Thickness
H / layer parametfr
A v pe o
2 o /1 {—Leminar 0.075
88 g yd — —Turbulent, .160
= oA T /l/ —
- -
q Ay
£ e
Lo 1 .
Fr)
L]
-
5 .e8 ~ -
{2) Average mass-flow end totel-pressure ratios upstreem of inlet.
§ —
w2
§ =
2
:ga-\A .56
s 3
w \: e
J—
3 . o — e
S
FE ]
25 o
gH
.96
o
al
88 o
o ey
o §\A
i d= -
o -
.161 ?‘p..'-‘ 1 | e
= e —
H§ T
88/""_L | 1 I
o .2 .4 .6 .8 1.0 1.2 1.4 1.

Boundary-layer-scoop-height parameter, h/&

(b) Aversage mmss-flow and total-pressure ratios upstream of coribination of inlet and boundery-
layer scoop.

Figure 6. - Verlation of average mass-flow and total-presswure ratioce et station 1.



24

NACA RM E52G23

Boundary- Thickness

leyer paramster 1
flow 3/R
[=———— Latinar 0.075
a j]— — Turbulent . 180
] /,/ *M/T
g —
a r”ﬂ 4/’,,/4
=t 6
. ] - — |
g L~
. P 7
o .4 =
é pd 7
T 7
g A
& .2 / //

Q
&O .8 —/
2 -
al” L~ ]
o L~
g ‘/ /
4 /l /‘
% /
o
l‘::q' _/ /
3 .2 ’///
Q [ =]
:' T — ,/ -
§ I ~SFACA
R S— P
[+] 2 .4 .6 .B -1.0 1.2 ’ 1.4

Boundary-layer-scoop-height parameter, h/S.

(o) Average mess-flow and total-pressure ratics upstream of boundary-layer ScoOp.

Figure 6. - Concluded.

Variation of average mass-flow ant total-pressure ratics &t station 1.

1.6

1652



4U

2591

NACA RM ES52G23 L 3

Boundary-layer-scoop-height parameter, 0; inlet
total-pressure recovery, 0.367; inlet mess-flow
ratio, 0.802. ’

Boundary-layer-scoop-height paremeter, 0,508;
inlet total-pressure recovery, 0.456; Inlet
mass-flow ratic, 0.957; scoop mass flow,
supsrcritical.

C-29585

Boundary-layer-scocop-height parameter, 0.667; inlet
total-pressure recovery, 0.482; inlet mass-
flow ratio, 0.982; scoop mass flow, super-
critical,
(2) Initial turbulept boundary layer.

Figure 7. - Steady schlieren photographs of peak-pressure conflgurations.
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Boundary-layer-scoop-helght paremeter, 0.833; inlet
total-pressure recovery, 0.51l; inlet mess-flow
ratio, 0.968; scoop mass flow, supercritical.

Boundary-layer-scoop-height parameter, 1,025;
inlet total-pressure recoverj‘,_ 0.488; inlet .
mass-flow ratio, 0.963; scoop mass Flow,
supsroritical. | e e ol e

C-29506

Boundary-layer-scoop-belght parsmeter, 1.51;
inlet total-pressure recovery, 0.425; inlet
vass-flow ratic, 0.877; scoop maSs-flow ratio,
0.655 (suberitical).

(8) Concluded. Initial turbulent Boundary layer.

Figure 7. - Continued. Steady schlieren photographs of peak-pressure
configurations,
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Boundary-layer-scoop-helght perameter, O;
inlet total-pressure recovery, 0.397; inlet
mags-flow ratio, 0.958.

Boundary-layer-scoop-helght parameter, 0.362;
inlet total-pressure recovery, 0.41ll; inlet
mass-flow ratio, 0.996; scoop mass-flow ratio,
0.523 (subcritical).

Bowndary-layer-scoop-helght paremeter, 0.705; inlet
total-pressure recovery, 0.407; Inlet mass-flow
ratio, 0.975; scoop mass-flow ratlo, 0.181 (sub-
critical).

(b) Initial laminar boundsry layer.

Figure 7. - Continued. Steady schlieren photographs of peak-pressure
confilgurations.

27



28

CURERPENER NACA RM E52G23

Boundary-layer-scqop-height parameter, 1.048; inlet
total-preseure recovery, 0.444; inlet mass-i‘low
ratio, 0,965; scooyp mass-flov. ra'b.to, 0.640 (sub-
critical).

Boundsry-layer-scqop-height parameter, 1.284; inlet

Figure 7.

total-pressure recovery, 0.448; Inlet mass-flcrw_
ratlo, 0.937; scoop mass-flow, supercritical

Boundary-layer-scoop-height parameter, 1.446;
inlet total-pressurs recovery, 0.458; inlet
mass-flow ratio, 0.950; scoop mass-flow,
supercritical,

(b) Concluded. Initial laminar boundsry layer.

~.Concluded. Steady schlieren photographs of peak-pressure
configurations.
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(&) Subcritical inlet flow; boundary-lasyer-scoop-helght parsmeter
h/8 > 0.833; scoop mass-flow ratio mS/?S, % 1.0 (supercritical).

(b) Subcritical inlet flow; boundary-layer-scoop-helght parameter
h/s > 0.833; subcritical scoop flow.
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* (c) Supercritical iniet flow; boundary-layer-scoop-height parameter
h/8 > 0.833; suberiltical scoop flow.

%

(d) Inlet oscillation induced by scoop; boundary-layer-scoop-height
parameter h/s > 0.833; subcritical scoop flow.

ya——

{e) Suberitical inlet flow; bo7ndary—1ayer-scoop-height parameter
h/s = 0.

/A7

(f) Subcritical inlet flow; boundary-layer-scoop-height paramster
h/8 = 0.509 and 0.667; subcritical scoop flow.

7]

J—

Figure 8. - Buzz patterns observed for operation in turbulent boundary
layer. Thickness perameter, 0.160.
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Scoop masa-flow ratic based on profile upstresm of inlet, ms/m:L s
s

(b) Pressure recovery based on free-stream conditions.

0.180 (turbulent).
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(a) Pressure recovery based on total-presaure profile upstream of inlet.

Figure 14. - Boundary-layer-scoop pressure recovery as function of mass-flow
ratio for varlous scoop heights. Boundary-layer-thickness paramster, 0.075
(laminar).



38 CEREE— NACA RM E52G25

.10 — «
/"‘
- \

o’ height ameter 1.7 \ .
& P4 o1
~ . h/% - ©

a 7 =
ﬂ-lN //

- 1.446 7
g -

g .08 =
B L--

[+] //

8 /'L—- = ~

ot w—
& p 1.284 ——T
§ =]
e
07 T -
B -
g -
0
b _ .
2 = —~—Unsteady scoop operation
% .06
[ # _3._.0484
g \\'\~~¥ ”-"—- ‘N\.\‘ o
@ \
4 \
) \
.é 05 ™\
iy
2 M\
L S
\N
=] \ . ™~
8 AN —~ ~—
3 N .705 ~ 362
0 -04 4 = —
.03 i : @
0 .2 4 .6 .8 1.0 - 1.2
Scoop mass-flow ratio based on profile upstream of 1lnlet, rns/ml’S
(b) Pressure recovery based on free-stream total pressure. -
Pigure.l4. - Conoluded. Boundary-layer-scoop pressure recovery as function of
mess -flow ratio for various scoop heights. Boundary-layer-thickness parameter, .
0.075 (laminar).
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Flgure 15. - Retlo of maximum gcoop mess flow to maximum inlet mess flow as function
of boundary-layer-scoop-height paramster for two Inltial boundary layers.
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